Abstract-The effect of a two dimensional (2D) graphene layer (GL) on top of the silicon nitride (SiN) passivation layer of AlGaN/GaN metal-insulatorsemiconductor high-electron-mobility transistors (MISHEMTs) has been systematically analyzed. Results showed that in the devices without the GL, the maximum drain current density (ID,max) and the maximum transconductance (gm,max) decreased gradually as the mist exposure time increased, up to 23% and 10%, respectively. Moreover, the gate lag ratio (GLR) increased around 10% during mist exposure. In contrast, devices with a GL showed a robust behavior and not significant changes in the electrical characteristics in both DC and pulsed conditions. The origin of these behaviors has been discussed and the results pointed to the GL as the key factor for improving the moisture resistance of the SiN passivation layer.
performance. Therefore, insulated-gate and surfacepassivation structures are needed to mitigate these challenges. In particular, the use of as in-situ SiN layer on top of AlGaN/GaN HEMT structures has showed recently to be feasible and advantageous to reduced AlGaN relaxation, increased sheet carrier concentration (n s ), improved ohmic contacts and surface protection during processing [8] , [9] . On the other hand, SiN passivation is widely used to prevent current collapse, even though the exact mechanism is still not clear. Gao et al recently proposed that water-related redox reactions play a significant role in the physical origin of surface trapping states both in unpassivated and passivated AlGaN/GaN HEMTs [10] , [11] . Although they showed that a thick SiN passivation and a fluorocarbon top layer can mitigate this effect [12] , a robust solution to avoid water adsorption and diffusion is still under research.
Graphene has been proved to be compatible with GaN technology, where graphene capping layers can improve the thermal management of AlGaN/GaN HEMTs [13] . Also, the thermal stability of GaN Schottky diodes at elevated temperatures (550 K) was improved by graphene likely acting as an impenetrable barrier to the diffusion of contaminants across the interface [14] . In this letter, we propose the use of graphene as two dimensional and hydrophobic material compatible with GaN-technology, in combination with the SiN layer passivation, to efficiently prevent the trapping effects, in particular those water-related, that affect AlGaN/GaN HEMT devices. Besides, the use of the graphene layer (GL) allows to use a thinner SiN layer, therefore reducing the fringing capacitance [15] without compromising the water-related current collapse effects.
II. EXPERIMENTAL PROCEDURE
The devices were fabricated on AlGaN/GaN heterostructures (HS) grown on (111) silicon wafer with an in situ SiN cap layer grown by metal-organic chemical vapor deposition. The details of the HS are SiN (3 nm)/Al 0.25 Ga 0.75 N (25 nm) / GaN (2 µm). The sheet resistance measured by Lehighton contactless measurements is 476 Ω/sq. 100-nmdeep device isolation was carried out by inductive coupling etching (ICP) using Cl 2 /Ar-based process. Prior to the formation of the ohmic contacts the SiN layer was selectively removed, by reactive ion etching (RIE), using SF 6 plasma. Before metal deposition, a clean low-power O 2 -plasma descum and dilute HCl were used. The ohmic contact metallization was formed by Ti/Al/Ni/Au (20/120/40/80 nm) deposited using e-beam evaporation and was rapid-thermalannealed for 30 s at 850 o C. The contact resistance (R c = 0.54 Ω·mm) and sheet resistance (R sheet = 452 Ω/sq) were calculated using the standard TLM method. The gate metallization was Ni/Au (20/200 nm) on top of the cap layer. Then, a passivation layer of SiN x (100 nm) by plasma enhanced chemical vapor deposition (PECVD) was deposited. Finally, the SiN x was patterned and etched from the regions of the ohmic contacts, and a Ti/Au (20/200 nm) overlay metal was deposited.
The wafer was divided into two pieces, one piece (named A) was kept as reference and on the other piece (named B) a film of monolayer graphene grown by chemical vapor deposition was transferred from a Cu substrate [16] . In this case, to have a good adhesion to the surface, the sample was vacuum dried for 24 hours, in order to remove the water layer between the GL and the substrate surface during the graphene transfer. The Raman spectrum in Fig. 1(a) shows a negligible D peak and a ratio of 2D peak intensity to G peak intensity I(2D)/I(G) > 2, which is consistent with defect-free single layer graphene [17] . After the transfer, the graphene was selectively etched away from the gate, drain and source contacts to avoid short circuits between these electrodes, by means of O 2 plasma using ICP (20 W, for 30 s at room temperature (RT)).
The layout of the metal-insulator-semiconductor HEMT (MIS-HEMT) consisted of one finger devices with gate length L G = 4 and 5 µm, gate width W G = 100 µm, and gate to drain distance L GD = 15 µm. A schematic of the cross section of the MIS-HEMT device capped with a GL is shown in Fig. 1(b) . Electrical characterization using DC and pulsed currentvoltage (I-V) measurements was carried out at RT in devices with and without the GL before, during and after being exposed to mist focused directly to the HEMT sample from a jet nebulizer system (Fig. 2) .
III. RESULTS AND DISCUSSION
Firstly, the effect of adding a GL on top of the SiN passivation layer was assessed, so sample B was tested before and after the graphene transfer. The maximum drain current density (I D,max = 0.3 A/mm at V GS = 0 V), the maximum transconductance (g m,max = 115 mS/mm), the threshold voltage (V th = -3.5 V), the gate leakage current at V GS = -6 V and V DS = 15 V (I G,leak = 10 -6 A/mm) and the off-state drain current V GS = -6 V and V DS = 15 V (I D,off = 10 -6 -10 -5 A/mm) did not change, as shown in Fig. 3 . The rough values in brackets correspond to the L G = 5 µm devices, but similar results were obtained for those with L G = 4 µm, and they are in good agreement with the literature [8] . The results above are consistent with what is expected considering that the GL is not in contact with the gate neither the drain nor the source metals, so no bias voltage is applied to the GL.
Both A and B samples were characterized before, during and after the mist exposure. Figure 4 provides direct comparison of the normalized output characteristics of both kinds of devices (a) without and (b) with the GL. The normalization was done respect to the I DS,max (at V GS = 0 V) before the mist exposure. In the case of sample A, the I D,max decreased gradually as the mist exposure time increased until it reached a minimum value after about 10 min, which could be a transient of the possible water permeation process. This reduction ranges from 12 to 23%, depending on the device, though no correlation was observed with the device geometry. Interestingly, it was observed that the higher the negative gate voltage, the larger the change of I D caused by mist. A possible explanation is that more negative voltages at the gate might accelerate the process of permeation of the water molecules through the SiN layer, and thus affect the AlGaN surface. However, further experiments should be done to confirm this hypothesis. In contrast, the devices in sample B did not show significant changes in the I D,max . It is noteworthy that the changes in the output characteristics in sample A are reversible after the mist exposure is stopped. The I D,max values go back slowly to the fresh values after about 1 day resting, as shown in Fig. 4 (a) . About 10 devices were tested under mist conditions. In addition, the test was repeated after several days in some of the devices, with and without graphene, and the results were reproducible. Regarding the transfer characteristics, a similar behavior was obtained for both kinds of devices, featured by a slight decrease (~10%) in g m,max for the MIS-HEMT devices in sample A (Fig. 5 (a) ), and hardly no changes in the devices in sample B (Fig. 5(b) ). Interestingly, the V th and the leakage currents (I G,leak and I D,off ) did not change significantly during the mist exposure in neither sample A nor B. These results reveal that the in situ SiN layer keeps a robust gate-to-channel control and the mist does not affect the 2DEG underneath the gate in either type of sample. However, the reduction of I D,max in MIS-HEMT devices without GL suggests that the mist exposure is able to affect the 2DEG in the region between the gate and the drain contacts, likely due to the water molecules that may permeate through the SiN layer and affect the AlGaN surface [18] . In fact, Mehandru et al showed that bonding of polar liquid molecules, such as water, appear to alter the polarization-induced positive AlGaN surface charge, leading to changes in the channel carrier density and hence the drainsource current [19] .
In order to analyze further the effect of the moisture on the AlGaN surface and in the associated trapping phenomena, pulsed I-V measurements were also carried out. In order to minimize the changes in the drain current due to the mist exposure time, the pulsed measurement were carried out just after the first 10 min of exposure, once the drain current drop is stable. The gate lag ratio (GLR) was defined as the ratio of the pulsed I D with quiescent points (V GSQ , V DSQ ) = (-6 V, 0 V) and (0 V, 0 V), in order to avoid self-heating effects. Results show that the GLR is ~ 1 for both fresh samples, indicating almost no current collapse. This is explained by the fact that the in situ SiN layer is protecting effectively the AlGaN surface, in good agreement with the literature [8] , [9] . However, in the presence of mist, the GLR of the devices with the GL keeps stable around 1, while the devices without graphene suffer from around 10% higher gate lag respect to the fresh devices.
Hence, these results confirm that the moisture plays a critical role in the degradation of the characteristics of conventional GaN-based MIS-HEMT devices, in agreement with recent reports indicating that the moisture on the AlGaN surface can modify significantly the 2DEG [11] , [20] . Moreover, Gao et al showed that this adverse effects are also present even with a 20-nm-thick SiN passivation layer, but it can be mitigated with a thicker SiN layer (200 nm) [11] . In the present case, the passivation layer is 100 nm thick, and according to the results it seems not to be thick enough to impede either the water permeation through the SiN layer and reaching the AlGaN surface [17] , or the electrons from the gate in reverse bias being injected onto the passivation surface, as Gao et al suggested [11] . Therefore, the water molecules either adsorbed on top of the SiN layer or permeated through it reaching the AlGaN surface could act as surface trapping centers. Therefore, these trapped electrons could form a second gate depleting the channel in the case of sample A.
On the other hand, the devices with a top GL (sample B) show the beneficial effects of the graphene which is able to repel effectively the moisture due to its hydrophobic nature, making the device impermeable, thus avoiding the waterrelated trapping effects that might affect the AlGaN surface during the mist exposure. Although the experimental set-up could be improved using a chamber with a better atmosphere control, these results present direct evidence of the improvement in the AlGaN/GaN MIS-HEMT device performance under harsh atmospheres when a protective GL is placed on top of the SiN passivation.
IV. CONCLUSION
The effects of a GL on top of the SiN passivation layer of an AlGaN/GaN HEMT with an in situ SiN cap layer have been assessed before, during and after mist exposure. A gradual degradation in the I D,max and g m,max values was observed in the devices without a GL as the mist exposure time increased. In contrast, the characteristics of the devices with the GL were stable during the process, even under pulsed conditions. The results highlight the critical role of the GL in improving the resistance against moisture of the SiN passivation layer by preserving the electrical characteristics of the AlGaN/GaN MIS-HEMTs, mainly due to the excellent hydrophobic property of graphene.
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